Sleep apnea is associated with testosterone dysregulation as well as increased risk of developing neurodegenerative diseases, such as Alzheimer's disease (AD) and Parkinson's disease (PD). A rodent model of the hypoxemic events of sleep apnea, chronic intermittent hypoxia (CIH), has been previously documented to impair cognitive function and elevate oxidative stress in male rats, while simultaneously decreasing testosterone. Therefore, androgens may modulate neuronal function under CIH. To investigate the role of androgens during CIH, male rats were assigned to one of four hormone groups: 1) gonadally intact, 2) gonadectomized (GDX), 3) GDX + testosterone (T) supplemented, or 4) GDX + dihydrotestosterone (DHT) supplemented. Each group was exposed to either normal room air or CIH exposure for one week, followed by memory and motor task assessments. Brain regions associated with AD and PD (entorhinal cortex, dorsal hippocampus, and substantia nigra) were examined for oxidative stress and inflammatory markers, key characteristics of AD and PD. Gonadally intact rats exhibited elevated oxidative stress due to CIH, but no significant memory and motor impairments. GDX increased memory impairments, regardless of CIH exposure. T preserved memory function and prevented detrimental CIH-induced changes. In contrast, DHT was not protective, as evidenced by exacerbated oxidative stress under CIH. Further, CIH induced significant spatial memory impairment in rats administered DHT. These results indicate androgens can have both neuroprotective and detrimental effects under CIH, which may have clinical relevance for men with untreated sleep apnea.
Introduction
Sleep apnea (SA) is estimated to affect about a quarter of the United States population, and is often undiagnosed (Kapur et al., 2002; Peppard et al., 2013; Senaratna et al., 2017) . One measure of the severity of SA is the apnea/hypopnea index (AHI), which quantifies the hourly rate an apnea or a hypopnea occurs during sleep. The severity of SA can be defined as mild for AHI = 5-15, moderate for AHI = 15-30, and severe for AHI > 30 (Ruehland et al., 2009) . In addition to hypoxic events and disrupted sleep patterns, patients with SA often experience a dysregulation in inflammation and oxidative stress (Betteridge, 2000; Bouloukaki et al., 2017; Gozal et al., 2008; Lavie, 2015; May and Mehra, 2014) .
People diagnosed with SA are at higher risk to develop hypertension, metabolic disorders, and neurodegenerative disorders, such as Alzheimer's disease (AD) and Parkinson's disease (PD) (Grandner, 2017; Kapur et al., 2002; Lavie and Lavie, 2009; Saaresranta et al., 2016; Shao et al., 2015; Stelmach-Mardas et al., 2017; Yeh et al., 2016) . Key characteristics of all these disorders include inflammation, oxidative stress, and, in men, low testosterone (reviewed in (Dai et al., 2014) ). The elevation of oxidative stress and inflammation occurs during early stages of SA. It is possible this initial rise in oxidative stress and inflammation may be contributing factors to later clinical outcomes and an increased risk for AD and PD.
Sex differences are observed in SA, which suggests a role for sex hormones. Regardless of ethnicity or race, men are more likely than women to be diagnosed with SA (Punjabi, 2008; Quintana-Gallego et al., 2004; Redline et al., 1997; Sawatari et al., 2016; Tenkorang et al., 2018) . Aging is positively correlated with both incidence and severity of SA in men (Basoglu and Tasbakan, 2018) . Interestingly, even though an increase in SA incidence is observed in post-menopausal women, severity is not associated with aging in women (Basoglu and Tasbakan, 2018; Young et al., 1993) . Although circulating testosterone levels in men with SA remain higher than circulating testosterone in women, men with SA commonly report symptoms of low testosterone, which can be reversed by treatment of SA (Zhang et al., 2016 androgens may be modulating underlying SA severity and neuropathology (Tenkorang et al., 2018) .
Testosterone is chiefly known for promoting male secondary sex characteristics (Knussmann and Sperwien, 1988) . More recently, physiological levels of testosterone have been linked with quality of life indices, such as maintaining memory (Janowsky, 2006; Zitzmann, 2006) . While men do not experience a drastic decline of their primary sex hormone, testosterone, as women do with estradiol, they do experience a slow decline in androgens as they age (Araujo and Wittert, 2011) . This loss of circulating testosterone can influence the brain, as circulating plasma testosterone concentration is positively correlated with androgen levels in the central nervous system (CNS) (Hojo and Kawato, 2018) . Furthermore, low testosterone has been associated with a rise in cardiovascular, metabolic, and neurodegenerative disorders, prompting a recent surge in testosterone replacement therapy prescriptions (Pinsky and Hellstrom, 2010) .
Prior studies have proposed that maintaining physiological levels of testosterone is neuroprotective against oxidative stress insults (Pike et al., 2008) . However, the neuroprotective effects of testosterone may be diminished in conditions of low physiological levels of testosterone (Cunningham et al., 2014) . Further, once oxidative stress reaches a specific threshold, testosterone no longer acts a neuroprotectant and even low testosterone levels can exacerbate oxidative stress generation and damage (Holmes et al., 2016) . Thus, conditions which alter the presence of oxidative stress may underlie the dichotomous roles observed for testosterone.
SA is a multifaceted disease, which can be caused by either central or biomechanical failure (Dempsey et al., 2010) . The resulting outcomes of SA are repetitive apneas and hypopneas during sleep resulting in hypoxia, hypercapnea, fragmented sleep, and frequent arousals. The rodent model of chronic intermittent hypoxia (CIH) has been well established to study the effects of the repetitive hypoxic events experienced by patients with SA, by modeling mild, moderate, and severe AHI's (Gozal et al., 2001; Ma et al., 2008; Shell et al., 2016) . Similar to what is experienced by men with SA, male rats undergoing CIH exhibit sustained increase in mean arterial pressure, as well as elevated circulating oxidative stress and inflammation at early stages (Gozal et al., 2003; Knight et al., 2011; Nair et al., 2011a; Shell et al., 2016; Snyder et al., 2017) . Moreover, gonadally intact female rats do not become hypertensive in response to CIH, which is consistent with the clinical phenotype of women with SA (Hinojosa-Laborde and Mifflin, 2005) . These findings underscore the hypothesis that sex hormones contribute to oxidative stress and inflammation associated with SA.
In addition to systemic effects, CIH can influence the CNS of male rats (Rosenzweig et al., 2014) . Neuronal activation due to CIH has been documented in hypothalamic and brainstem nuclei responsible for homeostatic regulation (Cunningham et al., 2012; Knight et al., 2011) . Recently, we reported elevated oxidative stress within the substantia nigra (SN), the entorhinal cortex (ETC), and the hippocampus of male rats after one week of CIH exposure at an AHI of 10 . Damage to these brain regions has been implicated in pre-clinical stages of different neurodegenerative diseases, such as AD and PD (Braak and Del Tredici, 2015; Braak et al., 2003; Lee and Gilbert, 2016; Reitz and Mayeux, 2014) . It is not yet known if the observed CIH-induced increase in oxidative stress and inflammation in these regions contributes to neuronal dysfunction resulting in memory or fine motor deficits, or to what extent the influence of sex hormones may be in repetitive hypoxic events.
Whereas estrogens have been well established as protective against cardiovascular (dos Santos et al., 2014; Hinojosa-Laborde and Mifflin, 2005) and neurodegenerative disorders (Aubrecht et al., 2014; Gillies et al., 2004) , the role of androgens is less defined (Aubrecht et al., 2014; Barron and Pike, 2012; Grimm et al., 2016; Holmes et al., 2013; Lau et al., 2014) . Both estrogens and androgens can mediate rapid and longterm effects within the CNS, such as calcium signaling, increasing spine density within hippocampal regions or altering DNA transcription (Acaz-Fonseca et al., 2016; Cunningham et al., 2007; Handa et al., 2008; Jacome et al., 2016; Mahmoud et al., 2016; McEwen and Milner, 2017) . Testosterone's effects may be partially explained by its metabolism into two bioactive hormones: 17β-estradiol (E2), via the enzyme aromatase, and dihydrotestosterone (DHT), via 5α-reductase (Osborne et al., 2009; Tamaya et al., 1993) . These enzymes (i.e. 3β-hydroxysteroid dehydrogenase, aromatase, and 5α-reductase) are present in cortical, midbrain, and hindbrain structures (Chetyrkin et al., 2001; Hojo and Kawato, 2018 ). Testosterone's metabolites activate different signaling cascades through their effects on the androgen receptor, resulting in testosterone initiating a broad range of cellular effects (Pike et al., 2008; Rupprecht, 2003; Valera et al., 1992) .
The purpose of this study is to determine the interaction between androgens and CIH-induced oxidative stress on early inflammation and behavioral outcomes in male rats. We hypothesized elevated oxidative stress due to 12-day exposure to CIH would be sufficient to induce behavioral deficits in memory and motor tasks. Additionally, we hypothesized behavioral deficits would be exacerbated by androgen supplementation. To investigate the interaction between androgens and oxidative stress, male rats were separated into various androgen groups by gonadectomy and exogenous hormone administration followed by exposure to either CIH or normal room air conditions. Following seven days of CIH, all groups underwent five days of behavior testing to assess memory and motor skills, while continuing CIH treatment. To examine androgen and CIH induced oxidative stress, proteins known to be associated with oxidative stress, such as NADPH oxidase (NOX1) and calpain activity, were quantified in the CNS. Further, caspase-3 activity was examined to determine if androgens or CIH induced apoptosis in the CNS. Consistent with previously published literature, a dichotomous role for androgens in cognitive measures under oxidative stress conditions was observed.
Methods

Animals
100 adult Long-Evans male rats (250-275 g body weight, 50-57 d, Charles River) were individually housed in a temperature controlled environment until one-week post-surgery to allow for recovery from all surgical procedures. Following recovery, rats were pair-housed for the duration of the study. Lights were set on a 12:12 h reverse light cycle with lights off at 0900 h. Food and water were provided ad libitum. To acclimatize rats to operator handling and reduce stress responses during behavior testing, all rats were handled 3 times per day beginning the morning of the eighth day after arrival. Handling continued 5 days a week until behavior testing commenced. All experiments were approved by the IACUC at UNT Health Science Center and conducted according to NIH guidelines on laboratory animals.
Surgical procedures
To investigate the contributions of androgens on the effects of CIH, rats were randomly assigned to one of 4 hormone groups: gonadally intact control with a cholesterol-filled Silastic capsule implant (INTACT), gonadectomized control with a cholesterol-filled Silastic capsule implant (GDX), gonadectomized with two testosterone-filled Silastic capsule implants (T), or gonadectomized with one dihydrotestosterone-filled Silastic capsule implant (DHT). For all surgery procedures, rats were lightly anesthetized with isoflurane (2-3%). All rats underwent either gonadectomy or sham surgery. Hormone replacement was achieved with subcutaneous Silastic capsule implants (1.47 mm i.d. × 1.96 mm o.d. × 10 mm length, Dow Corning, Midland, MI) filled with either crystalline testosterone, dihydrotestosterone, or cholesterol (Steraloids, Newport, R.I.), as previously described (Wilson et al., 2018) . We have previously observed depletion of circulating testosterone and significant reduction in androgen-responsive tissue weights one week post-gonadectomy in young adult male rats (GarzaContreras et al., 2017) , whereas implantation of two testosterone capsules maintained physiological levels of testosterone and tissue weight in male rats (Nguyen et al., 2007; Wilson et al., 2018 ). Testosterone's metabolite, DHT, has a higher affinity for the androgen receptor, is more potent, and is biologically available in lower concentrations than testosterone (Gao et al., 2005; Toorians et al., 2003) . Consistent with prior studies examining physiological DHT levels in adult male rats (Saksena and Lau, 1979) , one Silastic capsule of DHT, in the current study, resulted in plasma DHT levels (mean 65.93 ± 26.92 pg/ml) similar to DHT levels in gonadally intact male rats (mean: 54.56 ± 32.27 pg/ml) and testosterone-implanted gonadectomized rats (mean: 70.77 ± 22.35 pg/ml). This allowed us to investigate the contribution of physiological levels of the non-aromatizable androgen, DHT, under CIH and normoxic (NORM) conditions.
Chronic intermittent hypoxia protocol
Following pair-housing, rats from each hormone group were randomly assigned to receive either CIH or NORM exposure during sleep, resulting in 8 treatment groups: INTACT-NORM (n = 26), INTACT-CIH (n = 26), GDX-NORM (n = 10), GDX-CIH (n = 8), T-NORM (n = 6), T-CIH (n = 8), DHT-NORM (n = 8), & DHT-CIH (n = 8). Home cages were placed into Oxycycler chambers (76.2 × 50.8 × 50.8 cm, BioSpherix, Lacona, NY, USA) and rats were allowed to acclimatize to the Oxycycler under NORM conditions for one week. Upon initiation of the CIH protocol, oxygen was reduced from 21% to 10%, then returned to 21% in 8 min cycles (AHI = 8) from 2100 to 0500 for 12 days, as previously described (Wilson et al., 2018) .
Sample collection
Between 0900 and 1100 on the thirteenth day, rats were deeply anesthetized with isoflurane, then euthanized by decapitation. Trunk blood was collected in chilled EDTA coated tubes, then allowed to sit on ice and centrifuged to collect plasma for biochemical analysis as previously described . Additionally, brains were rapidly harvested, placed on ice, and immediately sliced into 2 mm coronal sections using a commercially available matrix (Ted Pella, Inc., Redding, CA). To ensure specificity of the different brain regions, the SN (−5.30 mm from Bregma) was collected by micro-punch using blunt 20 gauge needles attached to 1 ml syringes, and the ETC (−5.30 mm from Bregma) and dorsal hippocampus (−4.52 mm from Bregma) were dissected. All tissue samples were placed in 1.7 ml microcentrifuge tubes and then flash frozen on dry ice. Samples were stored at −80°C for later analysis.
Tissue homogenization
Each tissue sample was homogenized in a RIPA homogenization cocktail according to previously published methods . Protein concentrations were determined by Pierce BCA assay according to manufacturer's protocol (ThermoFisher Scientific). Lysate was aliquoted and stored in microcentrifuge tubes at −80°C for further analysis.
Advanced oxidative protein products (AOPP) assay
Circulating oxidative stress was assayed using the Advanced Oxidative Protein Products assay kit from Cell Biolabs, Inc. as previously described Wilson et al., 2018) . Values are expressed as a percent of the mean INTACT-NORM control values using the formula. 
Hormone measurement
Circulating total dihydrotestosterone was assayed by ELISA using a commercially available kit (NBP2-67999, Novus Biologicals, LLC, Littleton, CO) according to manufacturer's instructions. The intra-assay coefficient of variation is 5.08% and the inter-assay coefficient of variation is 4.93%. The sensitivity of this assay is 23.44 pg/ml at the 2 s.d. confidence limit. Reported values are mean ± s.d. (pg/ml).
Western blot
Equal volumes of denatured tissue samples containing 20 μg protein were loaded into a BioRad 4-20% polyacrylamide gel. They underwent electrophoresis at 25 mA in a Tri-glycine running buffer followed by overnight transfer onto a PVDF membrane at 60 mA. Following 30 min washing, membranes were blocked for 30 min with 5% nonfat milk in TBS-Tween (TBST) at room temperature. Membranes were then transferred to 1% nonfat milk TBST solutions containing specific primary antibodies (NOX1, Santa Cruz sc-25545 1:200; spectrin, EMD Millipore MAB1622 1:5000; GFAP, Sigma-Aldrich G3893 1:2000; GAP-DH, GeneTex GT627408 1:10,000) and incubated overnight at 4°C. In contrast to other primary antibodies, solutions containing primary antibody for cd11b (Novus Biologicals NB110-89474 1:500) were prepared in 5% milk TBST solution and allowed to incubate at RT for 1 h according to manufacturer's protocol (Novus Biologicals). Afterwards, membranes were washed in 10 min increments for 30 min, and then incubated in 1% milk TBST secondary antibody solutions (goat antirabbit 1:5000, goat anti-mouse 1:10,000 or 1:2000) at room temperature for 1 h. Protein bands were visualized using West Pico enhanced chemiluminescence detection assay (Thermoscientific) on an Syngene G:Box system using FlourChem HD2 AIC software as previously described (Garza-Contreras et al., 2017) . NIH Image J software (version 1.50i) was used to quantify band densitometry. Values from NOX1 and GFAP were normalized to GAP-DH values. For spectrin cleavage analysis, bands representing cleavage by either calpain (145 kDa) or caspase-3 (120 kDa) were normalized to total spectrin (240 kDa) values.
Cytokine multiplexing
Plasma, cell lysate (90 μg), and brain tissue homogenate (120 μg) samples were used to quantify secreted cytokines using the Bioplex Rat Th1/Th2 12-Plex kit available from Biorad and fluorescence was measured on a Luminex platform (MAGPIX, Luminex Corporation, Austin, TX; Table 1 ) . Activated astrocytes have been observed to increase secretion of IL-1β, IL-6, TNF-α, and GM-CSF under inflammatory conditions (Block et al., 2005; Choi et al., 2014; Zhang et al., 2014) . These same proteins are documented to recruit and activate pro-inflammatory macrophages (M1) (Crain et al., 2013; He et al., 2015; Komohara et al., 2016; Zhang et al., 2012) , while IL-10, IL-13, and IL-4 cytokines are released to recruit and activate anti-inflammatory macrophages (M2). Homeostasis often depends upon maintaining the proper ratio of inflammatory responses. Conversely, degenerative processes accompany the dysregulation of pro-and antiinflammation. Therefore, cytokine concentrations from this assay were averaged into M1-activating (IL-1β, IL-6, TNF-α, and GM-CSF) and M2-activating (IL-10, IL-13, and IL-4) cytokine groups for statistical analysis of inflammatory dysregulation. Values are reported as mean M1 or M2 concentration ± s.d. (pg/ml).
Morris water maze
The Morris Water Maze (MWM) was used to explore the hippocampal-dependent cognitive behavioral effects of CIH and hormone administration. Rats with damage to hippocampal neurons exhibit impairments in spatial memory retention (Vorhees and Williams, 2006) . Beginning at 0900, on the eighth day of CIH, all rats were trained to swim to a visible platform in a pool filled with room temperature water and to remain on the platform for 20 s, until removed by the operator. Training consisted of 3 trials per day for 3 days with a 10 min inter-trial interval per rat. For each trial, a rat was placed into the pool filled with opaque water at a randomly assigned point. Each point was equidistant from a platform (target), which was hidden 1 cm below the surface of the water. Rats were then allowed 90 s to locate the target. The trial ended when either the rat located the target and climbed onto it, or 90 s had passed, whichever occurred first. Latency and distance to locate the target was recorded using ANY-maze software (v. 5.14, Stoelting Co.). Rats which did not locate the target during a particular trial were guided to the target by means of the operator tapping on the target until the rat swam to it. Once the target was located, each rat was allowed to sit on the platform and observe visual cues placed on the walls to aid in formation of spatial memory for 20 s. After the 20 s passed, the rat was removed from the water maze and placed into a carrier to dry and await the next trial. The target remained in the same location throughout all 3 days of training.
At 0900 on the 12th day of CIH, each rat was administered a probe trial to test for spatial memory retention. During the probe trial, the underwater platform was removed. Each rat was placed into the water at one of the pre-determined random entry points and allowed 30 s to swim to the target location and search for the platform. At the end of 30 s, the platform was returned to its original location and the rat once again had 20 s to sit on the platform to reduce stress from failure to locate the platform in subsequent behavior testing. Rats were then returned to their home cages for 1 h to rest prior to further behavioral testing. Latency to the target and distance traveled during the 30 s, was recorded and used for statistical analysis as indicators of spatial memory retention and gross motor function, respectively.
(Modified) Open field assay
Significant cell loss in the SN results in movement disorders (Braak et al., 2003) . To assess fine motor skills, an open field apparatus (16″ (W) × 16″ (D) × 15″ (H), San Diego Instruments) was modified with a wire mesh platform raised 2 cm above the floor. Laser beams were placed both above and below the plane of the platform to record horizontal movement and falls through the mesh platform. Movements were recorded by PAS software (PAS v. 1.0.0.0, San Diego Instruments). The operator manually recorded the number of nose-pokes through the wire mesh platform and vertical exploratory events (rearing), both assisted (defined by placement of a forepaw on a maze wall or a hind paw on the solid floor of the maze) and unassisted. The number of nosepokes was subtracted from the fall count to provide an accurate count of falls for statistical analysis. Each rat was placed into the center of the open field on the mesh platform and allowed 5 min to explore the space. Following testing, rats were returned to their home cages for at least 1 h prior to further assessments. The number of falls and the number of rearing events (assisted, unassisted, and total) were quantified and used for statistical analysis.
Novel object assay
The lateral ETC is involved in development of short-term contextual and episodic memory, and has been documented to be damaged during pre-clinical phases of AD (Deshmukh and Knierim, 2011; Khan et al., 2014) . Damage to the lateral ETC results in rats spending less time with a novel object than a familiar object in the novel object assay, as previously reported (Wilson et al., 2013) , indicating ETC-compromised rats do not retain detailed, short-term, contextual memory, as compared to rats with an intact ETC. Two objects were placed into adjacent corners of an open field (24″ (W) × 24″ (D) × 12″ (H)) for habituation (Wilson et al., 2013) . Activity in the open field was monitored and recorded on ANY-maze software (v. 5.14, Stoelting Co.). This test consisted of 2 trials, one hour apart. In the first trial, both objects were similar in size and nature. The rat was placed into the open field facing the wall opposite the two objects to avoid object bias and allowed to explore the space and the objects for 5 min. At the end of 5 min, the rat was removed from the open field and returned to a carrier to rest for 1 h. Prior to the second trial, one object was replaced with a novel object, different in both size and shape from the first two objects. The rat was then placed back into the field in the same location as before and allowed 3 min to explore the field. At the end of 3 min, the rat was returned to the carrier for transport back to its home cages. The distance traveled and the time spent with each object were recorded and used for statistical analysis. Results for object preference are shown as the percent of time spent with the novel object using the formula: Table 1 comparison of average pro-inflammatory M1 cytokines (IL-1β, IL-6, TNF-α, and GM-CSF) and anti-inflammatory M2 cytokines (IL-4, IL-10, and IL-13) between hormone groups exposed to CIH or normoxic conditions. p ≤ 0.05; * vs. normoxic, ** compared to INTACT, ǂ compared to testosterone, # compared to all other groups. Values equaling 50% indicate the same amount of time was spent with both objects and no object preference was observed. Values over 50% indicate a preference for the novel object and values under 50% indicate a preference for the familiar object.
Statistical analysis: IBM SPSS (SPSS v. 24, IBM, 2016) was used for statistical analysis. Two-way ANOVAs were run on all assays with CIH and hormone status as fixed factors. Fisher LSD post hoc analysis was performed to determine differences between treatment groups. Results are shown as mean ± s.e.m., unless otherwise stated. Statistical significance was at p ≤ 0.05.
Results
CIH increases plasma oxidative stress
Oxidative stress, as measured by Advanced Oxidative Protein Products (AOPP), was significantly, but independently, affected by both hormonal status (F 3, 90 = 3.58, p ≤ 0.05, η 2 = 0.09) and CIH exposure (F 1, 90 = 6.30, p ≤ 0.05, η 2 = 0.06) ( fig. 1 ). LSD post-hoc analysis revealed GDX rats had significantly lower oxidative stress than all other groups, regardless of CIH exposure. Although an AHI = 8 was used in this study, as opposed to AHI = 10 in our previous study to avoid possible ceiling effects, we observed similar findings due to CIH on oxidative stress . Gonadally intact male rats experienced a significant 20% elevation of oxidative stress due to CIH in comparison to INTACT-NORM rats ( fig. 1) . Further, CIH significantly increased oxidative stress 40% above NORM oxidative stress levels in DHT rats. Previous studies in our lab have shown that CIH (AHI = 8) can decrease circulating testosterone levels by as much as 80% (Wilson et al., 2018) , which is commonly reported in clinical populations (Barrett-Connor et al., 2008; Luboshitzky et al., 2002; Zhang et al., 2016) . To control for CIH-induced testosterone loss, a subset of rats received exogenous testosterone (T) at physiological levels (Damassa et al., 1977; Wilson et al., 2018) . Rats receiving T maintenance did not experience increased oxidative stress due to CIH. Similarly, CIH did not significantly influence oxidative stress in GDX rats.
CIH alters behavioral outcomes in rats given DHT
During the probe trial of the Morris Water Maze that examines spatial memory retention, the latency to locate the target was significantly affected by both CIH (F 1, 60 = 16.58, p ≤ 0.05, η 2 = 0.12) and hormonal status (F 3, 60 = 14.55, p ≤ 0.05, η 2 = 0.32) (Fig. 2a) .
GDX rats took significantly longer to reach the target area than any other group, and these results were not affected by CIH. CIH significantly increased the latency to locate the target only in the DHT group. CIH did not affect the swimming distance by any treatment group (F 1, 57 = 0.22, p = 0.64, η 2 = 0.05) (Fig. 2b) . This indicates the observed differences in probe latency were not due to deficits in swimming ability among the groups. Additionally, there were no significant differences due to CIH in mean latency during the training sessions on day 2 (F 1, 92 = 1.67, p = 0.20, η 2 = 0.02) or day 3 (F 1, 92 = 0.00, p = 0.96, η 2 = 0.00; data not shown). Therefore, although GDX rats had overall impaired memory retention, CIH induced overnight spatial memory retention deficits only in DHT rats. The novel object assay evaluates episodic memory retention. In this Gonadectomized (GDX) male rats had significantly lower oxidative stress than all other hormone groups. INTACT rats exposed to CIH experienced a significant increase in oxidative stress, which was not observed in rats administered exogenous testosterone (T) or GDX. CIH further increased oxidative stress in rats administered dihydrotestosterone (DHT). Results were determined by two-way ANOVA followed by LSD post hoc analysis. Results are shown as mean ± s.e.m. p ≤ 0.05; * vs. normoxic, # vs. all other groups.
Fig. 2. CIH caused significant impairment in the probe trial of the Morris Water
Maze. A) GDX male rats exhibited longer latency to reach the target during the probe trial, regardless of CIH exposure. Male rats administered DHT exhibited longer latency to reach the target following CIH administration. B) Gross motor ability was not impaired by CIH or hormone status, as seen by the distance traveled during the probe trial. Results were determined by two-way ANOVA followed by LSD post hoc analysis. Results are shown as mean ± s.e.m. p ≤ 0.05; * vs. normoxic, # vs. all other group. study, the percent of time spent with the novel object was significantly influenced by the rat's hormonal status (F 3, 75 = 4.60, p ≤ 0.05, η 2 = 0.19), but not CIH (F 1, 75 = 0.97, p = 0.33, η 2 = 0.01; Fig. 3a ).
Under NORM and CIH conditions, DHT rats spent significantly more time with the novel object than the original object than all other hormone groups. A non-significant (p = 0.09) interaction was observed between CIH and hormone status, in which GDX rats were the only group to exhibit a change in preference for the novel object following CIH exposure. There were no significant differences in distance traveled between any treatment group ( fig. 3b) To investigate if CIH impaired fine motor skills, a modified version of the open field assay was used. The number of falls through a mesh platform was significantly affected by hormonal status (F 3, 83 = 4.76, p ≤ 0.05, η 2 = 0.14). Specifically, DHT rats experienced more falls than any other group, regardless of CIH exposure (Fig. 3c) 
CIH differentially alters protein expression in a regionally-specific manner
Brain tissue from each hormone group was further examined for evidence of oxidative stress, apoptosis, and inflammation in the SN, ETC, and hippocampus. To examine oxidative stress, we quantified protein expression of NADPH oxidase (NOX-1) and the 145 kDa fragment of spectrin cleavage by calpain. The 120 kDa fragment of spectrin cleavage by caspase-3 was used to quantify apoptosis.
Significant differences in the calpain-cleaved 145 kDa fragment of spectrin were observed in all three brain regions (Fig. 4) . Within the SN, calpain activity was significantly affected by both CIH (F 1, 26 = 4.63, p ≤ 0.05, η 2 = 0.04) and hormonal status (F 3, 26 = 24.14, p ≤ 0.05, η 2 = 0.63) (Fig. 4a & b) . CIH significantly increased calpain activity only in INTACT rats. DHT administration resulted in significantly elevated calpain activity in comparison with all other hormone groups, regardless of CIH exposure. Apoptosis was not evident in the SN based on the lack of 120 kDa caspase-3 cleaved bands. This result suggests CIH increased oxidative stress in the SN of INTACT rats, but not apoptosis in the SN after 12 days of CIH exposure. In both the ETC (F 3, 22 = 6.65, p ≤ 0.05, η 2 = 0.41) and hippocampus (F 3, 25 = 31.31, p ≤ 0.05, η 2 = 0.77), calpain activity was significantly affected by hormonal status. In both regions, DHT rats had significantly more calpain activity, as indicated by the 145 kDa band (Fig. 4c & e) . In the hippocampus, T also significantly increased calpain activity compared to INTACT (Fig. 4e) . Unlike what is observed in the SN, CIH did not have an effect on calpain activity in the ETC or hippocampus (Fig. 4a, c , & e). These results indicate that androgens modulate oxidative processes in the brain in a regionally specific manner. Caspase-3 cleaved 120 kDa fragments are detectable in both the ETC and hippocampus, unlike what is observed in the SN. In the hippocampus (F 3, 25 = 5.62, p ≤ 0.05, η 2 = 0.40), but not in the ETC (F 3, 35 = 1.50, p = 0.23, η 2 = 0.11), caspase-3 activity was significantly affected by hormonal status. DHT caused a significant increase in the 120 kDa caspase-3 fragment of spectrin in the hippocampus compared to all other groups ( Fig. 4a & f) . CIH did not cause significant differences in the 120 kDa fragment in either the hippocampus (F 1, 25 = 0.00, p = 0.98, η 2 = 0.00) or the ETC (F 1, 35 = 0.00, p = 0.95, η 2 = 0.00) of any hormone groups (Fig. 4a, d, & f) . Similar to what was observed in the SN, it appears caspase-3 is not activated in response to 12 days of CIH exposure. Similar to what was observed with calpain activity, NOX1 expression was affected by androgens in a regionally specific manner. In the SN, NOX1 expression was not altered in response to either CIH (F 1, 24 = 0.03, p = 0.86, η 2 = 0.00) or hormone status (F 3, 24 = 2.37, p = 0.10, η 2 = 0.21) (Fig. 5a & b) . In the ETC (F 3, 20 = 109.20, Fig. 3 . DHT impacts behavior in the novel object and open field assays. A) Dashed line represents equal preference for novel and familiar objects. Means above the line exhibit a preference for the novel object. Only the GDX rats exhibited a change in preference for the novel object following CIH exposure. The percent of time spent with a novel object was not affected by CIH exposure. Rats which were administered DHT exhibited a higher percent of time spent with the novel object than all other groups. B) Gross motor ability was not impaired by CIH or hormone status, as seen by the distance traveled during the novel object assay. C) Rats administered DHT had impaired fine motor ability to balance on a wire mesh platform in the modified open field assay. CIH exposure did not affect results. Results were determined by two-way ANOVA followed by LSD post hoc analysis. (Fig. 5d & e, g & i) , but not by CIH. In both regions, DHT rats had significantly higher NOX1 expression than all other groups ( Fig. 5e &  h) . T significantly increased NOX1 expression in the ETC, but not the hippocampus, compared to INTACT rats, although to a much lesser extent than DHT (Fig. 5e) .
Androgens modulate astrocyte presence in CNS regions
Since our current study utilized CIH (AHI = 8) for 12 days, instead of 7 days, we wanted to determine if a macrophage presence was evident. Thus, we examined markers of activated macrophages and microglia (cd11b) and astrocytes (GFAP). We found no evidence of cd11b staining in any of the brain regions of any treatment group (data not shown). However, GFAP protein was detectable in all 3 brain regions, Fig. 4 . Oxidative stress and apoptosis occur differently within brain regions. A) Representative images of western blots of tissue homogenate from the substantia nigra (SN), entorhinal cortex (ETC), and hippocampus (HIPP) of INTACT, GDX, T, or DHT supplemented rats exposed to normoxic (N) or CIH (C) conditions. Fulllength spectrin is 240 kDa, calpain-cleaved fragments (oxidative stress) are 145 kDa, and caspase-3-cleaved fragments (apoptosis) are 125 kDa. Densitometry for the fragments was normalized to the full length (cleaved fragment/full length). B) In the SN, a significant increase in CIH-induced calpain cleavage was observed in INTACT male rats. Elevated calpain cleavage was observed in rats administered DHT, regardless of CIH exposure. No caspase-3 cleavage was evident in the SN. C) In the ETC, elevated calpain cleavage was observed in rats administered DHT, regardless of CIH exposure. D) Although caspase-3 cleavage was evident in the ETC, no differences due to CIH or hormone were observed. E) Androgen (T and DHT) administration significantly increased calpain cleavage, regardless of CIH exposure, with more calpain cleavage present following DHT administration than after testosterone administration. F) Increased caspase-3 cleavage in the hippocampus was observed in rats administered DHT. Results were determined by two-way ANOVA followed by LSD post hoc analysis. Results are shown as mean ± s.e.m. p ≤ 0.05; * vs. normoxic, ** vs. intact, # vs. all other groups.
indicating the presence of astrocytes (Fig. 5c, f, & i) . GFAP protein expression was observed to be significantly altered by hormonal status in all brain regions. In the SN (F 3, 27 = 4.52, p ≤ 0.05, η 2 = 0.33), GDX rats exhibited significantly more GFAP expression than all other groups (Fig. 5c ). In the ETC (F 3, 20 = 26.39, p ≤ 0.05, η 2 = 0.78), DHT rats had significantly more GFAP expression than all other groups, whereas rats with T exhibited less GFAP expression when compared with INTACT rats (Fig. 5f ). In the hippocampus (F 3, 25 = 16.59, p ≤ 0.05, η 2 = 0.64), GDX and T rats had significantly lower GFAP expression than INTACT or DHT rats did (Fig. 5i) . GFAP expression was not altered by CIH in any brain region (SN: F 1, 20 = 0.00, p = 0.95, η 2 = 0.00; ETC: F 1, 20 = 0.07, p = 0.79, η 2 = 0.00; HIPP: F 1, 25 = 1.57, p = 0.22, η 2 = 0.02).
CIH induces inflammatory dysregulation in a region-specific manner
In plasma, pro-inflammatory M1 cytokine expression was found to be significantly altered by hormonal status (F 3, 20 = 16.69, p ≤ 0.05, η 2 = 0.88), but not CIH (F 1, 20 = 0.09, p = 0.77, η 2 = 0.00). GDX and T rats exhibited significantly lower M1 cytokines than INTACT rats (table  1) . T rats also had significantly lower circulating M1 cytokines than DHT rats. Correspondingly, anti-inflammatory M2 cytokine expression was significantly affected by hormonal status (F 3, 20 = 19.47, p ≤ 0.05, η 2 = 0.71), but not CIH (F 1, 20 = 2.07, p = 0.17, η 2 = 0.03). Post hoc analysis revealed DHT rats had higher M2 levels than either the GDX or T hormone groups. Additionally, INTACT rats exhibited significantly more M2 cytokines than all other groups. Similar to what was observed with oxidative stress, regional CNS differences were observed in inflammation. In the SN, a significant Fig. 5 . Hormonal status, but not CIH, causes a change in oxidative stress and astrocytes in brain regions. A) Representative western blot results from the substantia nigra of INTACT, GDX, T, and DHT supplemented male rats exposed to normoxic (N) or CIH (C) conditions. Proteins probed for were GFAP (51 kDa), an astrocyte marker, NOX1 (49 kDa), a marker of oxidative stress, and GAP-DH (37 kDa). Protein densitometries were normalized to GAP-DH densitometry readings for analysis. B) T-treated rats exhibited lower NOX1 expression in the SN than DHT administered rats. C) GDX rats exhibited significantly higher GFAP expression than all other groups. D) Representative western blot results from the entorhinal cortex of INTACT, GDX, T, and DHT supplemented male rats exposed to CIH. E) Androgens elevate NOX1 expression in the ETC of male rats. Higher NOX1 expression is present in the ETC of rats administered T compared to INTACT rats. Administration of DHT resulted in higher NOX1 expression in the ETC than all other groups. F) Decreased GFAP expression is observed in the ETC of T-treated rats. Significantly higher GFAP expression is observed in the ETC of DHT-treated rats when compared to all other groups. G) Representative western blot results from the hippocampus of INTACT, GDX, T, and DHT supplemented male rats exposed to CIH. H) DHT-treated rats exhibit significantly more NOX1 expression in the hippocampus than either INTACT or GDX male rats. I) GDX and T rats exhibited significantly less GFAP expression than gonadally INTACT or DHT rats. Results were determined by two-way ANOVA followed by LSD post hoc analysis. Results are shown as mean ± s.e.m. p ≤ 0.05; ** vs. INTACT, + vs. DHT, # vs. all other groups.
interaction between CIH and hormone status on M1 cytokines was observed (F 3, 26 = 4.74, p ≤ 0.05, η 2 = 0.10), with main effects of both CIH (F 1, 26 = 4.42, p ≤ 0.05, η 2 = 0.03) and hormone (F 3, 26 = 33.63, p ≤ 0.05, η 2 = 0.69) ( Table 1 ). In this brain region associated with movement disorders, DHT rats had significantly more M1 cytokine expression than all other hormone groups. Although there was a significant overall effect of CIH exposure to elevate M1 cytokine expression and a significant interaction between CIH and hormone status, post hoc analysis revealed no significant differences due to CIH within any of the hormone groups. M2 cytokine expression in the SN was also significantly affected by hormonal status (F 3, 26 = 5.53, p ≤ 0.05, η 2 = 0.35) but not CIH (F 1, 26 = 0.48, p = 0.50, η 2 = 0.01). DHT rats had significantly less M2 expression, than all other groups. In the SN, DHT appears to promote a pro-inflammatory environment by increasing M1 cytokines and simultaneously decreasing M2 cytokines. In the ETC, both M1 and M2 activating cytokines were significantly affected by hormonal status (M1: F 3, 19 = 7.31, p ≤ 0.05, η 2 = 0.01; M2: F 3, 19 = 8.22, p ≤ 0.05, η 2 = 0.49) ( Table 1) . In this region, IN-TACT rats exhibited significantly higher M1 and M2 cytokines than all other groups, similar to what was observed in plasma. There was no effect of CIH on cytokine expression in this region (M1: F 1, 19 = 0.15, p = 0.71, η 2 = 0.00; M2: F 1, 19 = 0.78, p = 0.39, η 2 = 0.02).
In the hippocampus, a significant effect of hormone status (M1: F 3, 18 = 3.94, p ≤ 0.05, η 2 = 0.27) (table 1) was observed, which resulted in T treated rats exhibiting less M1 cytokines than INTACT or GDX rats. Although a significant overall effect of CIH was not observed in the hippocampus (F 1, 19 = 2.46, p = 0.13, η 2 = 0.06), a significant interaction between hormone status and CIH was observed (F 3, 18 = 3.80, p ≤ 0.05, η 2 = 0.26). CIH suppressed M1 cytokines in the hippocampus of INTACT rats but elevated M1 cytokine expression in T-treated rats. Similar to the effect on M1 cytokines, a significant main effect of hormone status on M2 cytokines was observed (F 3, 19 = 4.01, p ≤ 0.05, η 2 = 0.29), but not a main effect of CIH (F 1, 19 = 2.47, p = 0.13, η 2 = 0.06). This resulted in T treated rats expressing significantly less M2 cytokines than INTACT or GDX rats, regardless of CIH exposure.
Discussion
We hypothesized androgens influence the behavioral outcomes, oxidative stress, and inflammatory effects of CIH in male rats. This study used a slightly lower hypoxic exposure (AHI = 8) than our previous study (AHI = 10) to avoid a possible ceiling effect due to superimposing androgens . However, our results indicate CIH caused a similar increase in circulating oxidative stress (Fig. 1) , as well as regional differences in the brain (Figs. 4 & 5) in agreement with our prior observations . Androgens appear to contribute to diametric mechanisms under CIH. To our knowledge, this is the first study investigating the effects of CIH on the Long-Evans rat strain. The main findings of our study include: 1) CIH did not influence oxidative stress in rats with maintained testosterone levels, 2) CIH only increased circulating oxidative stress in gonadally intact and DHT male rats, 3) CIH induced spatial memory impairment in DHT rats, and 4) DHT increased susceptibility to oxidative stress and M1 pro-inflammatory cytokines in the CNS (Table 1, Figs. 1, 2, 4 & 5) . These findings suggest androgen signaling, in the absence of aromatized estrogenic signaling, may render male rats susceptible to the deleterious effects of CIH.
Our data show that both CIH and androgens can increase circulating and brain region specific oxidative stress. CIH increased circulating oxidative stress (as measured by AOPP) in male rats, but not in hormone-deficient rats. Prior studies in our lab demonstrate testosterone itself is a mild oxidative stressor, which may contribute to preconditioning protective qualities (Holmes et al., 2013; Wilson et al., 2018) . The contribution of testosterone to oxidative stress was corroborated in this study by the significant drop in basal oxidative stress that was observed in gonadectomized male rats under normal room air conditions ( fig. 1) . Rats that received androgen supplementation following gonadectomy did not experience a drop in basal levels of oxidative stress. Therefore, we wanted to determine if the androgen pathway may be involved in the oxidative stress response to CIH. Indeed, significantly increased oxidative stress due to CIH was observed in DHT rats, indicating the involvement of androgens.
To further examine what impact CIH and androgens had on the brain, we investigated the response of oxidative stress-related proteins (NOX1 and calpain-cleavage of spectrin) in the ETC, hippocampus, and the SN, brain regions affected by AD and PD. DHT, and to some extent T, increased oxidative stress markers in all brain regions examined. The reduced response to T compared with DHT is most likely due to partial aromatization of T to estradiol. Surprisingly, we found NOX1 expression was not responsive to CIH in any of the brain regions examined. It is possible that the lower AHI used in our study may underlie the difference from other studies that have reported a role of NOX1 in CIHinduced oxidative stress generation (Nair et al., 2011b; Sun et al., 2012) . However, it is more probable a ceiling effect was reached, especially in the DHT group in which CIH was not able to further elevate NOX1 expression in the SN. Although protein expression of NOX1 was unaffected by CIH, NOX1 activity may have been influenced, which will be assessed in future studies.
The possibility NOX1 activity is affected by CIH is consistent with our data using the oxidative stress marker, calpain-cleavage of spectrin, which was elevated by CIH in the SN of gonadally intact male rats but did not further increase protein expression in the DHT group. The significant increase in calpain-cleavage observed in the SN, but not the other regions examined, may partially be due to the abundance of catecholaminergic neurons present within the SN, which are sensitive to oxidative stress (Lotharius et al., 2002) . The neuronal composition of the SN is relatively homogeneous, in which 95% of the cells are dopaminergic neurons (Lacey et al., 1989) . Due to the metabolism of the primary neurotransmitter (Fornstedt, 1990) , dopamine, in the SN, this brain nuclei operates under elevated levels of oxidative stress. Therefore, the SN may have a lower oxidative stress threshold than the other brain regions studied. In contrast, the ETC and hippocampus are composed of a wider variety of cell types, which may partially compensate for the oxidative effects of CIH in those regions (Ferrante et al., 2017; Insausti, 1993) .
Both androgens and CIH contribute to neuronal oxidative stress pathways. Our current study suggests DHT also plays an integral role in basal inflammatory signaling in male rats (Table 1) , particularly in generating pro-inflammatory M1 cytokines. Interestingly, the DHT group was observed to increase both oxidative stress and M1 cytokines within the brain regions investigated (Figs. 4 & 5, table 1 ). M1 signaling, in turn, can further increase oxidative stress (Montine et al., 2002) . The memory deficits observed in the DHT group, following CIH, may be attributable to the observed increases in oxidative processes and pro-inflammatory signaling. An accumulation of oxidative stress within neurons can be damaging and trigger apoptotic pathways (Valko et al., 2007) . Oxidative stress has been implicated in pro-inflammatory responses to CIH (Lavie, 2015; Semenza and Prabhakar, 2015) . The cyclic relationship between oxidative stress and inflammation may partially explain why both elevated oxidative stress and inflammation are reported to contribute to neurodegenerative diseases (Barnham et al., 2004; Chao et al., 2014; Jenner, 2003; Lucas et al., 2006) .
In our previous study, 7 days of CIH at AHI = 10 resulted in an elevation of pro-inflammatory M1 cytokines compared to anti-inflammatory M2 cytokines in the plasma, SN, and ETC in SpragueDawley rats . Contrary to those observations, significant effects due to 12 days CIH at AHI = 8 were not observed in the circulation of INTACT Long-Evans rats, possibly due to the use of a milder AHI (Table 1) . Similarly, CIH did not elevate inflammation in the SN or the ETC, although an interaction between CIH and hormone status suggesting T prevents an elevation of M1 cytokines was observed in the SN. In contrast, a pro-inflammatory response due to CIH was observed in the hippocampus of INTACT rats. Further study is needed to fully deduce the regional effects of inflammatory signaling during CIH.
Unpublished in vitro data from our lab using a neuronal cell line did not find a neuronal inflammatory response to oxidative stress (hydrogen peroxide). However, an overall inflammatory response to CIH was evident in the SN as well as in the hippocampus of INTACT and T treated rats. The inflammatory response is most likely mediated by nonneuronal cells in the CNS. Protein analysis did not provide evidence of either microglia or macrophages, but there were regional differences in a marker of astrocyte expression (Fig. 5) . These results indicate the initial inflammatory response observed may be mediated by astrocytes. Based on previous publications which indicate astrocytes modulate protective responses to early hypoxic insults (Acaz-Fonseca et al., 2016; González-Reyes et al., 2017; Hirayama and Koizumi, 2017) , the flux of astrocytes observed within each brain region after 7 days of CIH may be indicative of protective mechanisms. Regional astrocytes can serve to tune neuronal responses within each system, which could underlie SA comorbidities, such as neurodegenerative diseases (AD and PD).
In this study we observed differences in behavioral responses to CIH and androgens. We did not see any overt motor impairments (Figs. 2 &  3) . Behavioral deficits associated with PD are not observed until 70-80% cell loss within the SN (Braak et al., 2003; Crocker, 1997) , which is consistent with our behavioral data. However, we did observe fine motor impairments in the DHT group, regardless of CIH exposure. The DHT group consistently experienced more falls in the modified open field than any other group (Fig. 3) . Although oxidative stress and M1 signals were elevated by CIH in the SN, apoptosis induced cell death was not evident in the SN at this time point (Fig. 4) . Our study indicates oxidative stress due to DHT or a more androgenic profile may increase motor function susceptibility to future impairments, such as long term CIH (sleep apnea) exposure.
The behavior most impacted by CIH in this study was memory. Unlike PD that requires significant cell loss in the SN before onset of behavioral impairment, patients with AD begin to exhibit clinical symptoms when a substantial number of their hippocampal cells have been compromised (Braak and Braak, 1994) . Patients with SA are at a higher risk to develop cognitive disorders, such as AD and vascular dementia (Buratti et al., 2014; Gagnon et al., 2014 ). In the current study, DHT elevated oxidative stress in both the ETC and hippocampus, irrespective of CIH exposure, as well as increased apoptosis in the hippocampus (Figs. 4 & 5) . This elevation of oxidative stress indicates androgens can increase the sensitivity of neurons to a subsequent oxidative stressor, such as CIH.
Gozal, et al., reported cognitive impairment in the Morris Water Maze in male rats exposed to 2 weeks of CIH treatment (Gozal et al., 2001) . The lack of significant impairment in the probe latency of IN-TACT rats in our study (Fig. 2) may be due to the low AHI (8) utilized for 12 days. It is likely that CIH exposure longer than 12 days or a more severe AHI would result in significant impairment in gonadally intact male rats. In this study, CIH induced significant cognitive impairments in the latency to locate the target during the probe trial of the Morris Water Maze in DHT rats, and thus androgens may be involved in the SAassociated comorbidity of AD. This possibility is supported by the elevated risk for women with PCOS (characterized by elevated androgens) to be diagnosed with both SA and AD (reviewed in ).
Unlike the results obtained in the Morris Water Maze, administration of DHT significantly increased the amount of time spent with a novel object as opposed to a familiar object. These effects were not affected by CIH. The different type of memory processes evaluated by each behavior assay may provide insight into the types of memory functions which are most susceptible to the repetitive hypoxic insults of SA. The results from this study suggest overnight spatial and working memory consolidation could be more sensitive to hypoxic insults during sleep than short term episodic memory for novel encounters. However, it is more probable that the lack of CIH effect on DHT treated rats in the novel object assay could be due to DHT itself. DHT has been documented to increase novelty seeking behaviors (Mosher et al., 2018) , therefore any differences due to CIH may be masked by the DHT-promoting novelty variable in this assay. The current protocol for the novel object task may be inappropriate for assaying memory in androgenic rats. Future experiments with DHT treatment may require a longer habituation phase to reduce the novelty aspect. Overall, these findings are consistent with literature demonstrating that both testosterone and estrogens are protective in the CNS and facilitate memory, while DHT can contribute to damaging processes on occasion (Aubrecht et al., 2014; Beer et al., 2006; Bimonte-Nelson et al., 2003; Frye et al., 2008; Osborne et al., 2009) .
Our findings are of clinical relevance to men with SA. Although exogenous testosterone (presumably via estrogenic signaling) in this study prevented CIH-induced oxidative stress and memory deficits, androgenic signaling by DHT exacerbated these measures. Men have higher androgen concentrations and are more likely to be diagnosed with SA than women (Basoglu and Tasbakan, 2018; Dempsey et al., 2010) . The discrepancy in diagnosis between the sexes is unlikely to be exclusively due to a genetic influence based on prior studies of women with polycystic ovarian syndrome. Women with PCOS are more likely to have SA, hypertension, and cognitive disorders. These observations suggest elevated androgenic signaling contributes to risk (Helvaci, 2017; Randeva et al., 2012) . Therefore, androgen-induced upregulation of oxidative stress and inflammation can create a vicious cycle that may underlie the comorbidities of SA.
Of concern, is that these effects of CIH were observed after only 12 days. Many people with SA remain undiagnosed (Kapur et al., 2002; Lindberg et al., 2017) . Among the population diagnosed for SA, the recommendation for treatment of mild SA is optional, and large portions of the clinical population with more severe diagnoses elect to halt compliance (Aurora et al., 2015; Epstein et al., 2009) . These clinical outcomes result in a large segment of the population with untreated SA, which may have more severe long-term health ramifications than commonly believed.
In spite of efforts to develop treatments for AD and PD, there is a general lack of information about early mechanisms which lead to neurodegenerative diseases. This deficiency in information is accompanied by a scarcity of models with which to effectively study early neurodegenerative mechanisms. The majority of neurodegenerative disorders develop sporadically. The results from this study suggest early processes initiated during mild stages of SA could have serious longitudinal consequences on brain and behavior. Consequently, the CIH model provides valuable insight into how early mechanisms of SA could be a vital point for therapeutic intervention to prevent early neurodegenerative mechanisms.
Conclusions
In male rats, maintaining physiological testosterone levels was protective against CIH-induced oxidative stress. However, increased CIH-induced oxidative stress was observed in rats with physiological levels of the non-aromatizable androgen, DHT. Thus, the negative effects of androgens in an oxidative stress environment may be mediated through androgen receptor signaling. In cases of SA, observed sex differences may be due to a negative interaction between oxidative stress and androgens. Therefore, men who have been diagnosed with SA in conjunction with elevated oxidative stress may be susceptible to neurodegenerative pathophysiology.
